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Summary
We used the accumulation of constitutively active ki-
nesin motor domains as a measure of where kinesins
translocate in developing neurons. Throughout devel-
opment, truncated Kinesin-3 accumulates at the tips
of all neurites. In contrast, Kinesin-1 selectively accu-
mulates in only a subset of neurites. Before neurons
become polarized, truncated Kinesin-1 accumulates
transiently in a single neurite. Coincident with axon
specification, truncated Kinesin-1 accumulates only
in the emerging axon and no longer appears in any
other neurite. The translocation of Kinesin-1 along a
biochemically distinct track leading to the nascent
axon could ensure the selective delivery of Kinesin-1
cargoes to the axon and hence contribute to its molec-
ular specification. Imaging YFP-tagged truncated Ki-
nesin-1 provides the most precise definition to date
of when neuronal polarity first emerges and allows vi-
sualization of the molecular differentiation of the axon
in real time.
Introduction
To maintain the functional differences between axons
and dendrites, neurons must traffic distinct sets of pro-
teins to each compartment selectively, a process that in-
volves microtubule-based transport (Craig and Banker,
1994; Horton and Ehlers, 2003). Dendritically polarized
proteins are transported into dendrites but are excluded
from the axon while other proteins are preferentially
transported into the axon (Burack et al., 2000; Nakata
and Hirokawa, 2003). Whether selective microtubule-
based transport also has a role in the initial specification
of axons and dendrites is still unknown (Bradke and
Dotti, 1997; Nishimura et al., 2004). This possibility is ap-
pealing because axon specification is thought to involve
the selective localization of signaling proteins within
a single neurite and this likely depends on microtubule-
based transport (Wiggin et al., 2005). To address this
possibility, we asked whether selective kinesin-driven
transport occurs in immature neurons undergoing
axon specification. As a measure of kinesin-driven
transport, we examined the localization of constitutively
active, YFP-tagged kinesins. We focused on the Kine-
sin-1 family member Kif5 because a previous study
(Nakata and Hirokawa, 2003) indicated that its motor do-
main accumulates in axons but not in dendrites. Specif-
*Correspondence: bankerg@ohsu.eduically, we asked whether the selective accumulation of
the Kif5 motor domain in a single growth cone arises
early enough in development for selective transport to
play a mechanistic role in axon specification.
Hippocampal neurons in culture initially put out sev-
eral short, apparently identical neurites (developmental
stage 2, Dotti et al., 1988). Polarity first emerges when
one neurite undergoes an extended period of growth
and becomes the axon (stage 3). The remaining neurites
subsequently become dendrites (stage 4). Some of the
signaling pathways that are important in axon specifica-
tion are becoming clear (Wiggin et al., 2005), but how
these signaling proteins are localized to and activated
in a single neurite is still not known. Selective transport
would be one way to ensure that axon-inducing signal-
ing proteins become restricted to a single neurite.
There are two general mechanisms that can explain
the selectivity of kinesin-driven transport. One possibil-
ity is that cargoes regulate motor activity differentially. In
this model, binding of axonal cargoes causes a kinesin
to translocate more efficiently on microtubules leading
into the axon, whereas binding dendritic cargo directs
this kinesin to the dendrites. For example, the distri-
bution of Kif5 in cultured hippocampal neurons may be
altered by overexpressing putative cargoes such as
GRIP-1 (Setou et al., 2002) or JIP-1 (Verhey et al.,
2001). On the other hand, the Kif5 motor domain may
translocate preferentially on axonal microtubules, inde-
pendent of cargo binding. In support of this model,
a constitutively active version of Kif5 that lacks the
cargo-binding tail domain selectively accumulates at
the ends of axons, but not dendrites, in mature (stage
4) neurons (Nakata and Hirokawa, 2003).
The mechanism by which truncated Kif5 selectively
accumulates in the axons of mature neurons is unclear
because mature axons and dendrites differ in the polar-
ity orientation of their microtubules (Baas et al., 1989). In
axons, more than 90% of the microtubules are oriented
with their plus ends directed away from the cell body,
while dendrites contain an equal number of microtu-
bules oriented with plus ends directed away from or to-
ward the cell body. Thus, a constitutively active plus
end-directed motor such as truncated Kif5 could trans-
locate bidirectionally in dendrites, but only in the anter-
ograde direction once it enters the axon. This alone
might explain why truncated Kif5 selectively accumu-
lates in the axon. An alternate possibility is that trun-
cated Kif5 translocates preferentially into the axon be-
cause it recognizes biochemical differences between
axonal and dendritic microtubules.
Here, we distinguished between these two possible
mechanisms by examining the transport of truncated
Kif5 at stage 3 of development, when the microtubule
polarity orientation in dendrites and axons is identical
(>90% with plus ends out in both; Baas et al., 1989; Ste-
panova et al., 2003). We found that, in spite of the similar
organization of microtubules in axons and dendrites at
this stage, truncated Kif5 selectively accumulated in
axon tips. A similar construct containing the motor do-
main of the Kinesin-3 family member Kif1A was not
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axons and dendrites. These results favor a model in
which biochemical differences between axons and den-
drites regulate the translocation efficiency of truncated
Kif5, but not that of Kif1A. Live-cell imaging of neurons
at stage 2 of development, prior to axon specification,
showed that truncated Kif5 underwent stochastic cycles
of accumulation in and disappearance from the growth
cones of different neurites. Coincident with the growth
of the emerging axon, truncated Kif5 stably accumu-
lated only in that growth cone and no longer appeared
in any other neurite. These findings raise the possibility
that the selective transport of Kif5 cargoes along a mo-
lecularly distinct pathway contributes to specification of
the axon.
Results
Truncated Kinesin-1 Preferentially Translocates
along Microtubules in Axons
We used the accumulation of Kinesin-1 and Kinesin-3
motor domains as a measure of where these motors un-
dergo translocation in neurons. Because these trun-
cated motors are not autoinhibited like the wild-type
motors, whenever they encounter a microtubule and
bind to it, they move processively toward its plus end,
as documented by in vitro, single-molecule imaging
(Friedman and Vale, 1999; Tomishige et al., 2002). In
neurites whose microtubules are uniformly oriented
plus end-out, active transport continuously drives these
motors distally. In support of this interpretation, kinesin
mutants that are unable to translocate processively
along microtubules do not accumulate at neurite tips
(see Figure S1 in the Supplemental Data available online;
see also Nakata and Hirokawa, 2003; Lee et al., 2004).
We first focused on the question of whether the accu-
mulation of the Kif5 motor domain in axons, but not den-
drites, of mature neurons (Nakata and Hirokawa, 2003)
is due to differences in microtubule polarity orientation
or to differences in the motor’s translocation efficiency
in the two domains. We examined the localization of
Kif5C560-YFP (a truncated version of Kif5C consisting
of the motor, neck linker, neck coil, and first stalk re-
gions; Figure 1A) at developmental stage 3, before the
appearance of minus end-out microtubules in dendrites.
Kif5C560-YFP brightly labeled the tips of nearly every
axon, but almost never labeled dendritic growth cones
(Figure 1B). In fact, Kif5C560-YFP was barely detectable
in cell bodies, where it is synthesized, or along axon
shafts, even though it must pass through these regions
en route to the axon tip, indicating that Kif5C560 translo-
cates efficiently when expressed in cells. For compari-
son, we determined the localization of truncated Kif1A
(Kif1A396; Figure 1A). In contrast to Kif5C560, Kif1A396
labeled dendritic as well as axonal growth cones
(Figure 1B). To confirm that the axonal localization of
Kif5C560 was due to its motor domain, we compared
its localization to that of a chimera (Kif1Acc) consisting
of the motor and neck linker domains of Kif1A and the
neck coil and dimerization domains of Kif5C (Figure 1A).
This construct also accumulated in both axons and den-
drites. Quantitative analysis confirmed this difference in
localization between Kif5C560 and Kif1Acc; 66% of the
growth cones of immature dendrites showed a pro-nounced accumulation of Kif1Acc, while Kif5C560 accu-
mulated in only 3% (t test, p < 0.001). Both motors la-
beled almost every axonal growth cone (KIF1Acc, 96%;
Kif5C560, 92%). These findings indicate that the selective
accumulation of Kif5C560 in axonal growth cones is not
due to differences in microtubule polarity orientation
but rather reflects its more efficient translocation in the
axon. Kif5C560 selectivity is a property of the motor
and neck linker regions of Kif5C.
Before Axon Specification, Truncated Kinesin-1
Selectively and Transiently Accumulates
in Different Neurites
To determine whether the selective translocation of
Kif5C560 arises before axon specification, we used live-
cell imaging to examine the dynamics of its accumula-
tion during stage 2 of development. As a control, we first
investigated the dynamics of Kif1Acc at this stage. As ex-
pected from observations in stage 3 cells, Kif1Acc
Figure 1. Truncated Kinesin-1 Selectively Accumulates in the Axon
before the Appearance of Minus End-Out Microtubules in Dendrites
(A) Kif5C560 consisted of the motor, neck linker, neck coil, and stalk1
domains of Kinesin-1 (amino acids 1–560) fused to YFP. Kif1A396
consisted of the motor, neck linker, and neck coil domains of Kine-
sin-3 (amino acids 1–396) fused to YFP. KIF1Acc consisted of the
motor and neck linker regions of Kinesin-3 (1–363) and the neck
coil and dimerization domains of Kinesin-1 (337–560) fused to YFP.
(B) At stage 3, Kif5C560 accumulated only at the ends of the axon,
whereas Kif1A396 accumulated at the ends of both axons and imma-
ture dendrites. In these experiments, 2-day-old neurons were co-
transfected with either Kif5C560-YFP or Kif1A396-YFP together with
soluble CFP to illustrate cell morphology and then were fixed 6 hr
later. Overlay images show soluble CFP pseudocolored in green
and the YFP-tagged motor in red. Arrows, dendrites; arrowheads,
axons. Scale bars, 10 mm.
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(A) and (B) show selected frames from time-lapse recordings of stage 2 neurons expressing Kif1Acc or Kif5C560, respectively; the entire record-
ings are shown in Movies S1-S4. The top panels show the fluorescence images of each motor overlaid on the corresponding phase contrast
images (to illustrate cell morphology); fluorescence images alone are shown in the bottom panels. Kif1Acc fluorescence remained concentrated
in the tips of most neurites throughout the entire recording period and was fairly evenly distributed among the different growth cones. In contrast,
Kif5C560 accumulated in only one growth cone at a time. In the interval illustrated (1.25 hr), Kif5C560 sequentially translocated into three different
neurites. (C) and (D) quantify the percentage of total cell fluorescence of the truncated motors present in the cells shown in (A) and (B), respec-
tively. In these experiments, cells were electroporated with constructs encoding either Kif1Acc-YFP or Kif5C560-YFP at the time of plating. Im-
aging began 24 hr later. Phase contrast and fluorescence images were taken every 15 min. Scale bars, 15 mm.accumulated at the tips of nearly all minor neurites
(Figure 2A). Occasionally, the fluorescence temporarily
disappeared from a neurite (see neurite 5, Figure 2C).
The relative amount of Kif1Acc fluorescence in different
neurites was similar and remained fairly constant over
time (Figure 2C), suggesting that it translocated with
roughly equal efficiency in all of the neurites.
The dynamics of Kif5C560 accumulation in stage 2
cells were quitedifferent and unexpected—Kif5C560 con-
centrated in only one or two growth cones at a time
(Figure 2B). Moreover, its accumulation was transient;
it disappeared from one neurite and appeared in an-
other, sometimes within a period of 30 min (Figure 2D).
This difference was consistent across all cells examined
(n = 14 for Kif5C560, 12 for Kif1Acc). In Kif1A-expressing
cells, >80% of the tip fluorescence was concentrated
in a single neurite in only 7 instances in a total of 315time-lapse images, whereas Kif5C560 fluorescence was
concentrated in a single neurite in 155 out of 348 images
(t test, p < 0.001).
When the accumulation of Kif5C560 fluorescence in
one neurite disappeared, the total amount of fluores-
cence in the cell did not show a corresponding decline,
but instead became diffusely distributed (Figure S2).
Likewise, the reaccumulation of Kif5C560 fluorescence
at the tip of a different neurite was not accompanied
by an increase in total fluorescence. Thus, changes in
the location of Kif5C560 accumulations are unlikely to in-
volve protein degradation or synthesis. Its redistribution
most likely reflects its detachment from microtubules in
one neurite and diffusion throughout the cell, followed
by rebinding and active translocation along a differ-
ent subset of microtubules. The involvement of a retro-
grade motor is unlikely because the construct lacks
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with organelles undergoing motor-driven transport. Re-
distribution of such a large fraction of the cell’s Kif5C560
fluorescence implies a coordinated change in the be-
havior of many Kif5C560 molecules. Quantitative analysis
of the fluorescence distribution in the cell shown in
Figure 2B showed that Kif5C560 successively accumu-
lated multiple times in each of the four neurites during
the 9 hr duration of this recording (Figure 2D). In other
cells, Kif5C560 accumulated repeatedly in the same neu-
rite; periods of active translocation were interspersed
with periods when the protein was diffusely distributed
(see Figures 4B and 4D).
To assess the extent to which Kif5C560 accumulated
preferentially in only a subset of neurites, we quantified
the fluorescence in individual frames from time-lapse re-
cordings of stage 2 cells expressing Kif5C560 or Kif1Acc,
ranking the neurites from brightest to dimmest (Fig-
ure S3). In the case of Kif5C560, the brightest growth
cone contained, on average, 76% of the fluorescence
present in the neurites, with little fluorescence present
in the remaining neurites. Kif1Acc fluorescence was
more evenly distributed among all the neurites; this dif-
ference was highly significant (p < 0.001).
During developmental stage 2, neurites undergo pe-
riods of growth followed by periods of retraction in an
apparently stochastic pattern (gray traces in Figure 4),
as described previously (Esch et al., 1999). To determine
whether the transient accumulations of Kif5C560 corre-
lated with these stochastic growth events, we quantified
the growth and retraction of each neurite and the
Kif5C560 fluorescence in each growth cone in recordings
of 12 stage 2 cells over a combined total of 72 hr of re-
cording (Figure 3). Large increases in Kif5C560 fluores-
cence were as likely to be associated with a retraction
as with an elongation (mean length change: 20.07 mm;
Figure 3A). Nor was there a correlation between neurite
growth and the fraction of Kif5C560 fluorescence present
in a given neurite (r = 20.13; Figure 3B). We conclude
that the accumulation of Kif5C560 in a given neurite’s
growth cone is not related to the growth of that neurite.
Taken together, these results imply that there are tran-
sient biochemical differences among the neurites of
stage 2 cells and that the motor domain of Kif5C, but
not that of Kif1A, recognizes these differences. What-
ever the nature of these differences, they must be rap-
idly modifiable, because Kif5C560 sometimes redistrib-
uted from one neurite to another in as little as 30 min.
The Stable Accumulation of Truncated Kinesin-1
in a Single Neurite Is an Early Marker of Axon
Specification
To examine the localization of Kif5C560 during axon
specification, we acquired time-lapse images of
Kif5C560-expressing neurons during the transition from
stage 2 to 3. Figures 4A and 4B show selected images
from recordings of two representative neurons; quantifi-
cation of changes in the distribution of Kif5C560 fluores-
cence in these cells is shown in Figures 4C and 4D. In the
cell shown in Figure 4A, Kif5C560 first concentrated in
one neurite tip, appeared diffusely distributed for a brief
period, then reaccumulated in another neurite tip, and
so on. As soon as the axon began its characteristic
growth spurt, Kif5C560 became concentrated in thegrowth cone of the emerging axon and no longer ap-
peared in any other neurite. In the cell shown in Fig-
ure 4B, Kif5C560 concentrated repeatedly in the same
neurite, with short intervening periods when it was dif-
fusely distributed. As that neurite underwent the period
of uninterrupted growth associated with its specification
as the axon, Kif5C560 remained stably concentrated at
its tip. Similar experiments with cells expressing Kif1Acc
showed that the motor accumulated at the tips of most
minor neurites during stage 2 and remained concen-
trated in these tips, including the one that became the
axon (data not shown).
We next considered the temporal relationship be-
tween the selective and stable accumulation of
Kif5C560 in a single neurite and axon specification.
Clearly, the accumulation of Kif5C560 in a single neurite
does not predict that it will become the axon. In some
cells at developmental stage 2, Kif5C560 transiently ac-
cumulated in neurites that did not become the axon
(Figure 4A). Instead, our observations indicate that the
stable accumulation of Kif5C560 in a neurite marks its
specification as the axon. Figures 4E and 4F illustrate
Figure 3. Kinesin-1 Accumulation Does Not Correlate with Minor
Neurite Growth during Developmental Stage 2
(A) For every 30 min period, each increase of fluorescence greater
than 20% in a given neurite tip was plotted against the concurrent
change in length of that neurite (n = 89). For every non-zero change
in length that accompanied an increase in fluorescence, 46% were
growth events and 54% were retractions. (B) For every positive in-
crease in length over each 30 min period, we examined the fraction
of total fluorescence present at the tip of the growing neurite at the
end of that period. There was no correlation between growth and
Kif5C560 accumulation (r =20.13; n = 672). Note that many substan-
tial increases in length were not accompanied by the presence of
a large amount of fluorescence (right side of graph).
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(A) and (B) show Kif5C560 fluorescence overlaid on the corresponding phase contrast images of two cells undergoing axon specification. (C) and
(D) quantify the distribution of Kif5C560 fluorescence in the cells shown in (A) and (B), respectively. (E) and (F) show the temporal relationship
between neurite growth and the accumulation of Kif5C560 in the nascent axon. In these experiments, neurons were electroporated with
Kif5C560-YFP at the time of plating. Imaging began 24 hr later. Phase contrast and fluorescence images were taken every 15 min. The entire re-
cordings are shown in Movies S5–S8. Scale bars, 25 mm.the temporal relationship between axon outgrowth and
the stable accumulation of Kif5C560. Kif5C560 accumu-
lated and remained at the tip of the nascent axon before
that neurite was significantly longer or in any way mor-
phologically distinguishable from the other neurites(Figure 4A, 9:45; Figure 4B, 15:30). Time-lapse observa-
tions indicate that a neurite has a high probability of be-
coming the axon after it becomes >15 mm longer than
any other neurite (T. Esch and G.A.B., unpublished
data). For every axon formation event that we captured
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stably associated with the nascent axon at or before
the time that the neurite exceeded the 15 mm length
threshold (range: 21 to 15 mm). Thus, the persistent ac-
cumulation of Kif5C560 is a very early marker of axonal
identity; it occurs well before the axon can be distin-
guished based on its length.
Discussion
The Selective Translocation of the Kinesin-1 Motor
Domain in Axons
Our results show that the motor domain of Kinesin-1
(Kif5C560) selectively accumulates in axons but not den-
drites and that its exclusion from dendrites is indepen-
dent of their mixed microtubule polarity. The differential
translocation efficiency of the Kinesin-1 motor domain
must reflect a difference in the motor-microtubule inter-
action in axons as compared to dendrites. It is difficult to
imagine that this compartment-specific regulation of the
motor-microtubule interaction involves a modification to
the motor itself, as there is no evidence that the Kinesin-
1 motor and dimerization domains are targets for post-
translational modification (Hollenbeck, 1993; Mallik and
Gross, 2004). On the other hand, it is well known that
axonal and dendritic microtubules contain different
microtubule-associated proteins (MAPs), which are also
differentially phosphorylated in the two regions. Further-
more, taxol abolishes the selectivity of the Kinesin-1 mo-
tor domain for the axon (Nakata and Hirokawa, 2003).
This finding also favors the interpretation that the selec-
tivity of Kinesin-1 depends on microtubule modifica-
tions because taxol interferes with microtubule dynam-
ics and leads to changes in MAP binding and in tubulin
and MAP phosphorylation (Samsonov et al., 2004).
A number of modifications to microtubules are known
to alter the efficiency of motor translocation. In vitro
binding studies show that posttranslational polygluta-
mylation of tubulin can regulate the affinity of Kinesin-
1 for microtubules (Boucher et al., 1994). Single kinesin
motility assays show that binding of MAPs reduces the
rate of Kinesin-1 attachment to microtubules without af-
fecting its velocity or run length (Seitz et al., 2002). It re-
mains to be determined whether known differences in
axonal and dendritic MAPs, or yet-to-be identified dif-
ferences in posttranslational modifications of tubulin,
could account for the enhanced translocation of the Ki-
nesin-1 motor domain in axons.
Our results also show that the Kinesin-1 and Kinesin-3
motor domains differentially recognize different micro-
tubule tracks within neurons. This result is surprising be-
cause the motor domains of the two proteins are highly
homologous. The only conspicuous difference between
the two is the presence of a lysine loop in the microtu-
bule binding domain of Kif1A, which may contribute to
this motor’s greater run length in in vitro motility assays
(Tomishige et al., 2002). Biochemical modifications of
different microtubule populations may serve to amplify
small differences in the biophysical properties of differ-
ent kinesins to direct them to distinct subcellular desti-
nations. For example, if MAPs associated with dendritic
microtubules reduce the affinity of both kinesins, the
greater processivity of Kinesin-3 may compensate forthis, accounting for its ability to accumulate in dendrites
when Kinesin-1 cannot.
The Role of Kinesins in the Development of Neuronal
Polarity
During developmental stage 2, all neurites have been
thought to be morphologically and molecularly identical.
When one neurite stood out as having some axonal fea-
ture—a large growth cone or a higher concentration of
an axonal protein—this asymmetry was interpreted as
an indication that the unique neurite was about to be-
come the axon. Much to our surprise, this view is incor-
rect. Using Kinesin-1 as an indicator, our results show
that molecular differences among stage 2 neurites arise
transiently long before the emergence of the axon.
These differences can change rapidly, often appearing
and then disappearing from a neurite within an hour. It
will be important to determine whether other axonal
markers also transiently label some stage 2 neurites
and whether they mark the same neurites that show an
accumulation of Kinesin-1.
The persistent accumulation of Kinesin-1 in a single
neurite is one of the earliest known markers of axonal
identity. Classical polarity markers, such as MAPs, be-
come differentially distributed only after the axon has
become significantly longer than the remaining minor
neurites (Boyne et al., 1995; Mandell and Banker,
1996). Equally important, the accumulation of Kinesin-
1 can be monitored in real time. Several proteins have
been proposed as early makers of axon identity based
on their restriction to a single neurite in fixed stage 2
cells (Da Silva et al., 2005; Schwamborn and Puschel,
2004). Our results demonstrate the limitations of this ap-
proach. A ‘‘snapshot’’ of a Kinesin-1-expressing neuron
at stage 2 would often show that the motor had accumu-
lated in a single growth cone, but this neurite does not
necessarily go on to become the axon.
The selectivity of Kinesin-1 translocation early in axon
specification could ensure that Kinesin-1 cargoes are
targeted to just one neurite. One Kinesin-1 cargo,
CMRP2 (Kimura et al., 2005), regulates tubulin assembly
at the growth cone and is required for axon growth (Ina-
gaki et al., 2001). Another Kinesin-1 cargo, JNK-interact-
ing protein (Verhey et al., 2001), is a scaffolding protein
that regulates the activity of cJun-activated kinase,
whose targets include tau and doublecortin (Chang
et al., 2003; Gdalyahu et al., 2004; Reynolds et al.,
1997). If these Kinesin-1 cargoes modified microtubules
in a way that enhanced the translocation of Kinesin-1,
this could result in a positive-feedback loop that contrib-
uted to the further differentiation of the axon.
Jiang and Rao (2005) have raised the question of
whether the same molecular mechanisms regulate mo-
lecular differentiation of the axon and axon growth. Be-
cause its greater length often defines the axon, it is dif-
ficult to distinguish these two components of axon
specification. During stage 2 we found no correlation
between the minor neurites undergoing growth spurts
and those with accumulations of Kinesin-1. This finding
suggests that the signaling events that lead to minor
neurite elongation are different from those that lead to
enhanced translocation of Kinesin-1, suggesting that
at this stage growth and molecular differentiation are in-
deed separable events. One hallmark of stage 2 neurons
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traction. What distinguishes the growth event that per-
sists to generate the definitive axon? If the signaling
events that regulate neurite elongation and molecular
specification are independent, they may occur stochas-
tically in different minor neurites. When, by chance,
these distinct signaling events occur simultaneously in
a single neurite, it may become the axon.
Experimental Procedures
Primary hippocampal cultures were prepared from E18 embryonic
rats as described by Goslin et al., 1998. Constructs to be expressed
by transfection were prepared from rat sequences by PCR and
subcloned into the expression vector pJPA5 (J. Adelman) or p-b-ac-
tin (S. Impey). All constructs were sequence verified. Cells were ei-
ther transfected with lipofectamine 2000 2 days after plating and
fixed 6 hr later or were electroporated before plating using a Nucleo-
fector I (Amaxa Inc., Gaithersburg, MD) for use in live imaging, which
began 24 hr after plating. Coverslips were sealed in a heated cham-
ber (Warner Instruments, Hamden, CT) containing glial-conditioned
medium without phenol red and maintained at 32ºC for the duration
of the recording. Four to six transfected neurons from each coverslip
were chosen for time-lapse imaging. Every 15 min, a phase contrast
image and a fluorescence image of each cell were acquired. In ana-
lyzing data from cells fixed at stage 3, accumulation in a neurite tip
was defined as an average fluorescence intensity at least six times
that of the adjacent neurite shaft (after subtracting background fluo-
rescence). For comparison, soluble GFP results in a tip to shaft ratio
of 1.5, which reflects the slightly greater volume of the growth cone
compared with the neurite. 80–100 neurites from 21 cells from three
experiments were analyzed for each construct.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/49/6/797/DC1/.
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